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A set of single layered nanostructured Ni films of thickness, t  25 nm, 50 nm, 75 nm 
and 100 nm have been deposited using electron beam gun evaporation technique at 
473 K under high vacuum condition. From the grazing incidence X-ray diffraction 
(GIXRD) studies, NiO phase formation has been noted. Grain sizes of the films were 
determined. The microstructure was examined by scanning electron microscope 
(SEM) studies. Average surface roughness was determined by atomic force 
microscope (AFM). The room temperature magnetization has been measured using the 
vibrating sample magnetometer (VSM). The coercive field was observed to be 
increasing with increasing t and became maximum for t  75 nm and decreases for 
further increase in t. The behavior of coercive field with t indicated softness of the 
films. Low temperature electrical conductivity in the range from 5 K to 300 K has 
been measured. Temperature dependence of electrical conductivity showed 
semiconducting behavior. At temperatures above θD/2 (θD is the Debye temperature), 
the conductivity behavior has been understood in the light of Mott’s small polaron 
hopping model and activation energies were determined. An attempt has been made to 
understand conductivity variation below θD/2 using variable range hopping models 
due to Mott and Greaves. 
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1. INTRODUCTION 
 
Research on thin metallic films led to the discovery of films of numerous 
scientific and technological applications. Nickel oxide (NiO) is an important 
material because of its interesting structural, magnetic and electrical 
properties. It has been considered as antiferromagnetic [1] and also treated 
as a p-type semiconductor because of its wide band gap [2]. It is used in a 
variety of electronic devices [3-6]. NiO films have been fabricated by 
different physical and chemical vapor deposition techniques [7], plasma 
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enhanced chemical vapor deposition [8], RF magnetron sputtering [9,10] and 
electron beam evaporation [11]. Substrate temperature effects on structural, 
electrical and mechanical properties were investigated [12-14]. Effect of 
crystallographic orientations on electrical properties were studied [15]. The 
structural and magnetic properties of NiO films showed that these 
properties are very sensitive to the degree of oxidation [16]. The detailed 
studies of structure, surface morphology, magnetic and low temperature 
electrical properties of NiO films have not been reported so far. 
 In the present article, we report the investigations on structural, 
magnetic and low temperature electrical properties of Ni films of thickness, 
25 nm, 50 nm, 75 nm and 100 nm. 
 
2. EXPERIMENTAL 
 
The single nanostructured Ni films were prepared using the electron beam 
gun technique at a pressure of 5 ? 10 –6 mbar. The films were deposited on 
to the glass substrates held at a temperature of 473 K. Before deposition, 
the glass substrates were kept immersed for half an hour in boiling chromic 
acid solution and then left them for 10 hours in the solution. After that 
they were washed with detergent soap solution and finally rinsed with 
acetone. Before loading into the vacuum chamber, they were again cleaned 
and dried. The nickel layer was deposited by evaporating the nickel from a 
molybdenum crucible. The thickness of the layer was measured during 
deposition using quartz crystal thickness monitor. The films were annealed 
to room temperature in the vacuum chamber. 
 Structural investigations were carried out by grazing incidence X-ray 
diffraction (GIXRD) studies using Brucker-D8 advance diffractometer with 
Cu-K? radiation of 1.5406 Å wavelength. The microstructure of the films 
was probed using (FEI Quanta 400) Scanning Electron Microscope. Surface 
morphology of the films at nanometric scale has been investigated by AFM 
(Digital Instruments Nanoscope III). Average surface roughness of the films 
were determined on a scan area of 1 ?m ? 1 ?m using Nanoscope software. 
Room temperature magnetization was measured using vibrating sample 
magnetometer (Model ADE-EV9) with a maximum applied field of 0.3 T. The 
electrical conductivity measurements were carried out by four point method 
using an Oxford Instruments make conductivity setup in the temperature 
range from 5 K to 300 K. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Grazing incidence X-ray diffraction (GIXRD) studies 
 
The GIXRD spectra of  the films obtained for  2 ? between 38? and 49? for 
NiO films are shown in Fig. 1 and  the  Gaussian  fit  to  the  peaks  are  also  
depicted. The spectra consists of single broad peak and it has been indexed 
according to  ICDD file  cards.  The peak position noted for  N2,  N3 and N4 
films does not any match planes in Ni and Ni2O3 and match with plane (200) 
in NiO. It infers that these films got naturally oxidized and converted into 
NiO films. The peak position noted for N1 film has got more uncertainty. 
The peaks were observed to be getting sharpened with increasing film 
thickness and this can be seen in terms of peak widths mentioned in Table 1. 
It indicates that crystallinity is improving with the thickness of the films.  
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Fig. 1 – GIXRD spectra for films (a) and the spectra around the peaks (b). The solid 
line are the Gaussian fits to the peak 
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The oxidation state of NiO has also been observed in ref [17] for the films 
annealed at 823 K. 
 The average grain sizes were determined using Scherrer’s formula [18],  
 
 D ? 0.9?/(Bcos?B)   
 
where D is the grain size, B the angular width in terms of 2?, 2?B the Bragg 
angle and ? the wavelength of X-rays. The interplanar spacing, d was 
calculated using the relation, 
 
 d ? 0.5?/sin?B  
 
From the structure of the spectra around the peak, the grain sizes, D, and 
interplanar spacings, d, were determined. The D values thus obtained inform 
that the present films are nanocrystalline in nature. The grain size increases 
with increasing thickness of the films (Fig. 2). Other parameters extracted 
from the GIXRD spectra are recorded in Table 1. 
 
 
 
Fig. 2 – Grain size, D, versus thickness, t. Solid line shown is a guide to the eye 
 
Table 1 – Parameters extracted from the GIXRD spectra 
 
3.2 Scanning electron microscopy (SEM) studies 
 
The microstructure of the films examined using SEM with in the scan range 
of 1 ?m. A typical SEM image of N1 film is shown in Fig. 3. The images of 
all  the  four  films  appear  smooth,  compact  and  fine  in  structure  which  
indicates a high content of nanocrystalline particles. Individual particles 
could not be measured for sizes due to their high density packing.  
 
Films Peak position (2?) Peak width Interplanar spacing, d (Å)  
N1 42.90 8.28 2.10 
N2 44.11 5.94 2.05 
N3 44.31 2.90 2.04 
N4 44.02 1.10 2.05 
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Fig. 3 – SEM image taken on N1 film 
 
3.3 AFM studies 
 
In order to investigate surface morphology of the films, AFM images with a 
scan area of  1 ?m ? 1 ?m have been recorded. The AFM images in 2D and 
3D  for  the  film  N4  is  shown  in  Fig.  4.  The  self-assembly  of  spherical  
nanocrystals can be observed in the AFM images.  
 The AFM images have been quantified by recording the height, h, verses 
distance, x, profiles across the length (white lines drawn in Fig. 4a) as shown 
in Fig. 5 [19]. This analysis provided information about average surface 
roughness, h (pair of blue dot lines in Fig. 4(a)) of the films. The t dependence 
of h is plotted in Fig. 6. It is observed in this figure that the surface 
roughness increases with t up to 75 nm and started smoothening for higher t. 
 
 
Fig. 4 – AFM images of N4 film in 2D (a) and 3D (b) 
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The sectional analysis carried out using the software Nanoscope on the AFM 
images of all the films indicated that the grain height changes considerably 
over the distance [20]. Therefore, h for each of the films has been worked out 
by measuring them at different cross sections of the image and then averaged.  
 
 
 
Fig. 5 – Height, h, versus distance, x, profile for N4 film along the white line drawn 
in Fig. 4(a) 
 
 
 
Fig. 6 –  Average  surface  roughness,  h,  versus  thickness,  t,  for  the  films.  The  solid  
lines shown is a guide to the eye 
 
3.4 Magnetization 
 
The magnetization, M, as function of applied field, H,  was  measured  at  
room temperature by applying field parallel to the surface of the films. The 
recorded hysteresis loops are shown in Fig. 7. The coercive field, Hc and 
remanent magnetization, Mr, were extracted from these hysteresis loops. 
The film thickness dependence of these parameters is plotted in Fig. 8. 
 The bulk Ni is well known to be ferromagnetic and the Ni films exibited 
well defined hysteresis loops with low Hc values, less then 0.005 T [21]. 
Where as NiO was considered to be antiferromagnetic, which is in 
agreement with our result. No saturation magnetization has been observed 
for the present films. For fields above 0.1 T, magnetization of the present 
films decreased with field and its is expected to be due to oxidation of the 
films leading to the formation of NiO phase. 
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Fig. 7 – M-H loops of the films. The solid lines are B-splin fits to the data and are 
shown to guide the eye. 
 
 
 
Fig. 8 – Thickness, t, dependence of (a) coercive field (Hc) and (b) remanent 
magnetization (Mr) for the films. The solid lines shown are guides to the eye 
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The Hc is found to be increasing with increase of t up to 75 nm and slowly 
decreased thereafter. The decrease in Hc after 75 nm indicates that the film 
got softened [22]. This can be due to decrease in average surface roughness 
for films of thickness above 75 nm (Fig. 6). The variation of Mr with t can 
be associated with grain growth [23]. 
 
3.5 Electrical Conductivity  
 
The electrical conductivity, ?, in the range temperature, T, from 5 K to 300 K 
has been measured. The measured variation of ? with T for  N1  film  is  
depicted  in  Fig.  9.  The  similar  nature  of  variation  of  ? with T has been 
observed for the remaining films. The conductivity increased with increasing 
t. The temperature dependence of conductivity reveals semiconducting type of 
behavior. The measured conductivities at room temperature are in good 
agreement with similar thin NiO films [24]. However, the room temperature 
conductivity of the present films is higher than that of thick NiO films and 
NiO nanocrystals [25, 26]. 
 In bulk NiO, for temperatures below 1000 K, two competing mechanisms 
contribute to the conductivity; one due to small polarons in the 3d band of 
Ni2+ and the other due to  large polarons in the 2p band of  O 2 – [27]. For 
temperature  above  100  K,  small  polarons  conduct  by  means  of  thermally  
activated hopping with small activation energy [28-30]. In the temperature 
range of 200 – 1000 K, the band like conduction due to large polarons in the 
2p band of O 2 – with higher activation energy dominates [27].  
 
 
 
Fig. 9 – Conductivity, ? versus temperature, T for N1 film in the entire experimental 
range of temperature 
 
According  to  the  Mott’s  small  polaron  hopping  model,  the  electrical  
conductivity is expressed as [31], 
 
 ? ?? ? ?0( ) exp( )BT E k T   
 
where ?E is the activation energy.  
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 The  Mott’s  plots  of  ln(?T) versus (1/T) plots are shown Fig. 10. The 
curves  are  linear  at  high  temperature  and  deviates  from  linearity  below  
?D/2, where ?D is Debye temperature. The least square linear lines were fit 
to the data for temperatures above ?D / 2. From the slopes, the activation 
energy, ?E, were estimated and recorded in Table 2. The ?E values are in 
the range 21.8 meV to 22.9 meV and they are smaller than that reported for 
NiO films and nanocrystals [24-26]. 
 
 
 
Fig. 10 – Mott’s SPH plots of ln(?T) versus (1000/T) for films. Solid lines shown 
are the linear fits for T > (?D/2) 
 
 For the data below ?D/2, we attempted to apply the variable-range-
hopping (VRH) models proposed by Mott [32] and Greave [33]. In Mott’s 
VRH model, the conduction is based on a single optical phonon approach and 
the conductivity is expressed as, 
 
 ? ?? ? ? 1 40exp /A T T ,  
 
where 
 
 ? ?? ?? ? ?
3
0 256 2 / 9 ( )B FT k N E ,  
 
and 
 
 ? ? ?? ?? ? ?? ?? ?
1 22 1 2
0/ 2(8 ) ( ) /F BA e N E K T ,  
 
where N(EF) is density of states at the Fermi level. 
 A and T0 are obtained from the ln(?) versus T –1/4 plots shown in Fig. 11. 
It  is  commonly  held  that  much  use  of  the  exponent  T0 has  been  made  to  
extract values of N(EF),  given  assuming  value  for  ? ? 10 nm –1 [34, 35]. 
The N(EF) values obtained are shown in Table 2. These N(EF) values are 
much higher than that quoted for NiO nanocrystals [26]. We further applied 
Greaves VRH model [33], at low temperature. 
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Fig. 11 – Mott’s VRH plots of ln(?) versus T –1/4 for the films. Solid lines shown are 
the linear fits for T < (?D/2) 
 
According this model, conductivity is given by 
 
 ? ? ?1 2 1 40exp( )T B T T   
 
Where 
 
 ?? ?? ? ?
4 3
0 (2.1) ( )B FT k N E   
 
 The Greaves plots of ln(?T1/2) versus T –1/4 are shown in Fig. 12. The fit 
parameters  obtained  are  also  shown  in  Table  2.  The  N(EF) values thus 
obtained are also much higher than that reported in reference [26]. Both the 
VRH models appear to fit well with the data. However, N(EF) values derived 
from them are abnormally high. It can therefore be concluded that low 
temperature conductivity of the present films can not be satisfactorily 
explained using both Mott’s and Greaves VRH models. 
 
Table 2 – Parameters extracted from the conductivity data 
 
 
Film DE (meV) ?D (K) Mott’s (VRH) Greaves (VRH) 
N(EF) (eV-1cm-3) N(EF) (eV-1cm-3) 
N1 22.7 403.1 5.23 ? 1030 2.63 ? 1026  
N2 22.9 404.8 2.54 ? 1030  2.37 ? 1026  
N3 21.9 415.0 1.0 ? 1033  3.21 ? 1026  
N4 21.8 420.4 1.01 ? 1034 3.45 ? 1026  
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Fig. 12 –  Greaves  VRH  plots  of  ln(?T1/2)  versus  T  – 1/4 for the films. Solid lines 
shown are the linear fits for T < (?D/2) 
 
4. CONCLUSION  
 
A set of single nanostructured Ni films of thickness were deposited using 
electron beam gun evaporation technique at under high vacuum conditions. 
The NiO phase formation in the films has been detected through GIXRD 
studies. Surface roughness values have been determined from AFM data. 
 At room temperature, magnetic hysteresis loops were recorded in a 
vibrating sample magnetometer. The M-H curves do not reflect perfect 
ferromagnetism. It is concluded that the present films are antiferromagnetic 
and that may be due to the formation of NiO phase. 
 Low temperature electrical conductivity has been measured. Temperature 
dependence of electrical conductivity show semiconducting behavior. At 
temperatures above ?D/2, the conductivity has been analyzed in the light of 
Mott’s small polaron hopping model. The conductivity data below ?D/2 could 
not be explained by VRH models due to Mott and Greave.  
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